The petroleum-rich Liaodong Bay basin in Northeast China consists of three depressions (sub-basins) and two uplifts. The Liaozhong depression is the main area of hydrocarbon generation. To date, oil and gas production is mostly from Liaoxi uplift. Early exploration efforts in the deeper portion of the basin indicated that the reservoir quality was poor. However, this study indicates that four distinct zones of secondary porosity and permeability develop in all the depressions and uplifts. The zones of secondary porosity in the depression are relatively deeper than those depths of the same zones in the uplift. Correlations among porosity, permeability, diagenetic stages, evolution of clay minerals, changes in pressure, and thermal maturation indicate the four distinct secondary porosity zones are related to diagenetic evolution, organic matter evolution, clay minerals transformation, overpressure and early hydrocarbon charge. The secondary porosity zones were mainly attributed to the dissolution of the carbonate cement, feldspar and unstable minerals, hydrocarbon generation, and rapid transformation of clay minerals. This result implies that the potential reservoirs with good quality are present in the deeper overpressured portions of the Liaozhong depression.
INTRODUCTION
In recent years, the oil and gas exploration in China has gone deeper exploration depth in exploration matured basins with the application of sequence stratigraphy, reservoir forming dynamics, and high resolution seismic techniques, especially, the stratigraphic reservoir exploration like lowstand fan and other lacustrine turbidites have made great progress in deep lacustrine basin center setting (Lin et al., 2000; Wang et al., 2002; Zhang et al., 2003) . However, porosity and permeability generally decrease with the increasing depth, so the reservoir quality plays critical role in the deep zone exploration. The existence of anomalously high porosity and permeability in deeply buried reservoirs can extend the economic bottom line and provide critical support for commercial production (Zeng and Liu, 2009 ). Research by Bloch et al. (2002) showed that main causes of anomalously high porosity are due to grain coats, early hydrocarbon emplacement and overpressure. With the application of diagenetic analysis, anomalous porosity and permeability mechanism study (Bloch et al., 2002; Hu and Li, 2007; Gao et al., 2009) , overpressure and its relation with reservoir quality (Xiao et al., 2007) , and deep basin gas exploration theory (Li, 2001; Ma et al., 2004) , many oil fields have been found with high quality reservoir in the deeper zone around the world (Bloch et al., 2002; Zhu et al., 2006; Dai et al., 2009) . The study on the secondary porosity will provide new exploration frontiers in exploration matured basins in East China.
The Liaodong Bay basin is one typical rifted lacustrine basin in East China. These basins experienced same tectonic evolution stages and have similar petroleum systems (Ren et al., 2002; Yan et al., 2008) . Study of porosity and permeability and their controlling factors in Liaodong Bay basin will definitely provide a paradigm for other similar basins in East China.
So far, exploration efforts in Liaodong Bay basin have drilled almost all structural traps in uplifts and depressions (sub-basins). Stratigraphic traps and deeper potential reservoirs are the exploration interests of present and future (Jiang et al., 2007) . Early exploration efforts in the deeper portion in Liaoxi uplift of the basin indicated that the reservoir quality deteriorated greatly and 2.6 kilometer below seafloor was the exploration limit in this basin. However, this study indicates that four distinct zones of secondary porosity and permeability develop in this basin, their existence provides the exploration potentials in the near future.
THE GEOLOGIC SETTING AND EXPLORATION SITUATION
The Liaodong Bay basin with an area of 20 km 2 is located in the northeast offshore area of Bohai Bay, China (Fig. 1) , its east is near to the Liaodong peninsula and its west area is adjacent to the Yanshan mountain, the Liaodong Bay basin consists of Liaoxi depression, Liaoxi uplift, Liaozhong depression, Liaodong uplift, and Liaodong depression from west to east (Fig. 1) . It is a Tertiary rifted lacustrine basin with later strike-slip deformation superimposed. The Paleogene strata with abundant in source rocks are about 6 km in Liaozhong depression. Oligocene Dongying formation is main exploration interest. Several oil and gas fields have been discovered in this basin in structural highs along the Liaoxi uplift. The degree of exploration is high in uplift and is low in the depression. Current exploration is focused on the stratigraphic trap in promising Liaodong depression. The potential reservoir types and their quality are the primary concern for deeper targets. Liaoxi depression, Liaoxi uplift, Liaozhong derpession, Liaodong uplift and Liaodong depression. The current main oil production is from Liaoxi uplift.
DATA AND METHODOLOGY
117 exploration wells have been drilled in Liaodong Bay basin since 1979. 2D seismic data with density of 1 km ϫ 1 km covers the whole basin and 3D seismic data covers most discovery areas in Liaoxi uplift and other major part of Liaozhong depression. 600 m cores from 30 wells, well logs from 80 wells, 2D and 3D seismic data and previous research reports were employed to study the regional sequence stratigraphy, sedimentary systems and revealed potential reservoirs in deeper zones of Liaozhong depression. In order to investigate their reservoir qualities, we collected 100 thin sections and data of porosity, permeability, content of clay minerals, vitrinite reflectance (R 0 ) value and pressure from 15 wells in different sub-structure units to characterize secondary porosity zone distributions and origins. Lots of thin section observation, integrated diagenetic study and data correlation deciphered the distribution of the secondary porosity and permeability and their relations to R 0 , clay evolution stages, overpressure, etc. These intuitive graphic correlation and further fluid inclusion study suggest the hydrocarbon generation, early migration and dissolution of grains are main origins for secondary porosity development.
THE RESERVOIR TYPES AND THEIR FEATURES IN LIAODONG BAY BASIN
The multiple sediment sources, differential structure activities and complex halfgrabens in Liaodong Bay basin resulted in the evolution of complex sedimentary systems. During Oligocene period, the sedimentary systems evolve from early turbidite systems, deep lake system, delta front and fan delta (Dong3 sequence-SEd3) through turbidite system and delta front (Dong2 sequence-SEd2), and then to delta plain system (Dong1 sequence-SEd1). Potential reservoirs of stratigraphic traps are turbidites and delta fronts developed in SEd3 and SEd2 sequences in Liaozhong depression (Fig. 2) . Besides to the potential reservoir types and good caprocks, Liaozhong depression is abundant oil sources and the hydrocarbon migration pathway systems e.g. extensional faults and Tan-Lu strike-slip faults. By comparison, the petroleum system in Liaozhong depression is superior to Liaoxi depression, Liaodong depression and Liaodong uplift. The reservoir facies from current discoveries are mainly delta and fan delta fronts, the reservoir porosities range from 15% to 30% and permeabilities vary from 10 md to 2000 md. Distal delta front has the best reservoir quality, and the fan delta and turbidite reservoirs have a good porosity but low permeability. The reservoirs consist mainly of arkose and lithic arkose. The average feldspar content is 25-60% and rock fragment content is 10-40%. In the five structure units (uplifts and depressions), the high content of soluble feldspar is indicative of potential secondary porosity development.
THE CHARACTERISTICS OF POROSITTY AND PERMEABILITY EVOLUTION
Through the thin-section observation, porosity and permeability statistics in Liaodong Bay basin, the result illustrated the general distribution trend of porosity and permeability in different structural units. Even though porosity and permeability exhibit overall reducing trend with the increase of depth, there still exist several similar zones of secondary porosity in all the uplifts and depressions. These zones have good correlation with hydrocarbon generation, overpressure development and rapid clay mineral transformation. Figure 3 clearly shows that there exist four secondary porosity development zones, whose depth intervals are 1600-1800 m, 2000-2500 m, 2700-2800 m and 3200-3300 m, respectively. These intervals are named 1 upward to 4 informally. Their corresponding permeability zones have relative higher values. 
Porosity and permeability evolution characteristics in Liaozhong depression
The diagenetic study shows that it can be classified into four stages of diageneses. These stages are informally named from A to D in order of early to late stage. Correlation between porosity distribution and diagenetic stages demonstrates: The first secondary porosity zone is corresponding to the stage A of late diagenesis; The second and third secondary porosity zones belong to the stage B of late diagenesis; The fourth one is corresponding to the stage C of earlier diagenesis. Thin section observation shows that porosity in stage D of early diagenesis is mainly primary porosity. Types of porosity in the other secondary porosity development zones consist of both primary and secondary porosities (Fig. 4A,B) . The secondary and third porosity zones have relatively larger scale. Correlation between porosity, clay minerals and R 0 demonstrates that the secondary porosity zones are related to the rapid transformation of the clay minerals and hydrocarbon generation (R 0 Ͼ 0.5%) (Fig. 3) . The relation between zones of secondary porosity and pressure distribution illustrated that No.3 secondary porosity is just right below the top surface of overpressure. This is probably because that the overpressure can retard compaction and avoid the excessive porosity reduction. (Fig. 5) As the main oil and gas production area, the porosity evolution trend in Liaoxi uplift is similar to that in Liaozhong depression. The four secondary porosity zones distribute within the same diagenesis stages as those in Liaozhong depression. The depth intervals of the secondary porosity development zones are 1400-1600 m, 2000-2200 m, 2300-2500 m and 2900-3000 m, respectively. These intervals are shallower than those same intervals in Liaozhong depression.
The porosity evolution characteristics in Liaoxi uplift
It is noticeable that the oil and gas production from Oligocene Dongying (Ed) and Eocene to Oligocene Shahejie formation (Es) mainly distribute within secondary porosity zones of stage B of late diagenesis and stage C of early diagenesis, which gives us a hint that the reservoir in main producing fields are from secondary porosity 214 The secondary porosity and permeability characteristics of Tertiary strata and their origins, Liaodong Bay Basin, China zones. Same as Liaozhong depression, the main secondary porosity zones (1, 2, 3) fall in the zones of hydrocarbon generation(R 0 Ͼ 0.5%) zone. (Fig. 6 ) Like Liaozhong depression and Liaoxi uplift, the porosity evolution in Liaoxi depression has the same evolution trend with regard to its relation to diagenesis, clay minerals and R 0 evolution. The intervals of four secondary porosity development zones are 1500-1800 m, 2050-2400 m, 2600-2700 m and 3100-3200 m, respectively. These major secondary porosity zones (1-3) are located within hydrocarbon generation zones and corresponding to rapid clay mineral transformation zones. In short, the porosity evolution stages from the depressions and uplifts are similar. Four zones (1-4) with similar secondary porosity are all present. The only difference is that the depth of secondary porosity zones in the depression is deeper than those of same zone in the uplift. This difference is attributed to the different thermobarogeochemistry (thermal, pressure, geochemistry) field. For each corresponding secondary porosity zone, its depth in Liaozhong depression is the deepest, while this depth is shallowest in Liaoxi uplift. This is probably why the exploration depth limit is only 2.6 km in Liaoxi uplift. The exploration in Liaozhong depression can be extended deeper than 2.6 km.
Porosity evolution characteristics in Liaoxi depression
The correlation between porosity distribution, clay minerals, R 0 and pressure distribution show that the secondary porosity zones are related to the rapid transformation of the clay minerals, hydrocarbon generation and overpressure which can retard the porosity reduction. These phenomena indicate the exploration potential in the deep overpressured zones of Liaozhong depression is good in consideration of hydrocarbon generation and other favorable reservoir forming conditions.
THE CONTROLLING FACTORS AND ORIGINS OF THE SECONDARY POROSITY AND PERMEABILITY
From the above statistics and correlation, the porosity distribution and its evolution are closely related to diagenetic process, R 0 evolution, clay minerals evolution, pressure and hydrocarbon generation and charge. The main controlling factors and origins of secondary porosity are explained in detail below.
Diagenesis
The reservoir in the study area has undergone numerous diagenetic processes, e.g. compaction, cementation, replacement of clay minerals, dissolution. Through the integrated analysis of thin-section observation, Scanning Electron Microscope (SEM) and X-ray diffraction, the primary causes for porosity reduction are mechanical compaction and cementation (Fig. 4C,D) , but the high content of quartz and feldspar, and well sorting and rounding can maintain a higher porosity (Fig. 4B) . Cementation did not always destroy the reservoir, e.g., early carbonate cementation (calcite) arrested compaction, and reduced the development of quartz overgrowth (Fig. 4D) , these cementation grains plus feldspar grain replacement by calcite, ferroan calcite, dolomite and ankerite (Fig. 4,6E) can be later dissolve. Besides feldspar, rock fragments and other unstable minerals can also be dissolved (Fig. 4B,E,F) . Main reservoir rocks of Liaodong Bay basin are rich in feldspar, rock fragments and other unstable minerals, so dissolution is a main cause for secondary porosity development. This point can be easily inferred from relation graph between porosity and carbonatite content (Fig. 7) , Result shows oil and gas are mainly present in secondary porosity zones. Same to Figure 3 , the diagenetic evolution stages are named upward from A to D and the secondary porosity zones are numbered 1 upward to 4. the porosity increasing with the decrease of the carbonate indicates that the porosity is high if the remnant carbonatite content is low for the sake of the dissolution.
Thermal evolution of the organic material
The porosity evolution is highly influenced by the dissolution of rock components and the deposit of the new minerals. The dissolution only happens when the fluid components change. This is because the change of the fluid component is the main factor to affect the stability of the aluminosilicate and carbonate. Especially, the intervention of organic acid plays the key role (Surdam et al., 1989; Lynch, 1996) . Temperature directly affects the thermal evolution of the source rock, then influences the porosity since the generation of petroleum creates acidic fluids resulted from the thermal cracking and oxide cracking (Sun et al., 2009) . In Liaodong Bay area, the maturity of the organic material (R 0 Ͼ 0.5%, Fig. 3D ,5B,6C) in Liaoxi and Liaozhong depressions resulted the development of secondary porosity (Fig. 3A,5A ,6A).
The evolution of clay minerals
The rapid transformation of clay minerals can not only generate acid to dissolve grains but also provide the undersaturated pore water to remove the reaction products in solution. So the rapid clay minerals transformation also indicates the development of secondary porosity, e.g., from Figure 3C and 6B, we can clearly see that the transformation from montmorillonite (smectite) to illite led to the development of secondary porosity. Another phenomenon about clay mineral is the higher content zone of kaolinite is indicative of higher porosity (Fig. 8) . The reason is that porosity is created when the acid dissolves feldspar to produce kaolinite (Feng et al., 1994) .
Overpressure
Overpressure developed mainly in gas charged zones in Liaozhong depression of Liaodong Bay basin. Even though the three secondary porosity zones are below the top surface of the overpressure (Fig. 3A) , the overpressure is probably related to hydrocarbon generation and gas charge. The first reason is no obviously rapid subsidence in this area could cause abnormal pressure building-up. The second reason is that the development of the overpressure corresponds to the level of organic matter maturity and current gas distribution in the basin. The overpressure not only retarded compaction and preserved some primary pores, and also can drive the hydrocarbon migration and act as a good seal. These factors will make the exploration prospects in deep Liaozhong depression potential.
Early hydrocarbon charge
Early oil and gas charge can maintain the reservoir quality effectively by (1) restraining the flowage of the pore water, (2) retarding cementation, (3) restraining replacement of the minerals. In southern Liaozhong depression, fluid inclusion in the LD22-X well shows the existence of early oil and gas charge at 2514 m (Fig. 9 ). This agrees with the higher porosity and permeability in this thin interval (2511 m to 2518 m) in well LD22-X than its overlying and underlying zones.
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The secondary porosity and permeability characteristics of Tertiary strata and their origins, Liaodong Bay Basin, China 6.6. Origins of secondary porosity Figure 10 illustrates the mechanism for porosity evolution resulted from the above study. Compaction and cementation are the two main factors causing porosity reduction. Formation of secondary porosity zones is due to the chemical dissolution by the organic acids, development of overpressure and early hydrocarbon charge in different diagenetic processes.
The porosity characteristics vary at different depths. With the increase in the degree of diagenesis, carbonate cements precipitate in the followings order: micrite carbonate, calcsparite, ferrodolomite, micrite ankerite, and dolosparite. As the compaction and carbonate cementation increase, porosity reduces in the corresponding interval. In stage C of early diagenesis, the minor compaction and dissolution of feldspar, rock fragments, and unstable minerals results in the formation of the secondary porosity zone 4. Two secondary porosity zones (2,3) develop in late diagenetic stage B due to the two stages abrupt increase in transformation of the clay minerals. The two zones also formed due to the further contribution from the development of overpressure, active dissolution of feldspar and carbonate cements by organic acid and the early hydrocarbon charge. Although the porosity is reduced greatly in the late diagenetic stage A, a secondary porosity zone still exists in this stage due to the partial dissolution of carbonate cements and the development of fracture caused by compaction in brittle reservoirs.
CONCLUSIONS
1) The producing reservoirs in Liaodong Bay basin are mainly from delta front facies. Sequence stratigraphy and sedimentary system analysis reveal that delta front, fan delta front and turbidites in deeper zone of Liaozhong depression will be potentials for future exploration targets. The primary concern is reservoir quality. 2) Four distinct zones of secondary porosity and permeability develop in all the depressions and uplifts. The zones of secondary porosity and permeability in the depression are relatively deeper than those depths of the same zone in the uplift. It implies the exploration depth limit can be extended deeper in the depression. 3) Compaction and cementation are the two main factors causing porosity reduction.
Forming of secondary porosity zones is due to the dissolution of feldspar and carbonate cements by organic acids from hydrocarbon generation and clay mineral reactions, overpressure generated by gas charge and the early hydrocarbon charge. 4) Liaozhong overpressured depression is the richest one in source rock than other depressions in the Liaodong bay basin. The overpressure not only can drive hydrocarbon migration in deeper zones, also can act as good seal. The deep zone of Liaozhong depression demonstrates good potential for future exploration.
